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SUMMARY

This report provides, in a single reference document, an engineering summary

of selected technical data on airframe icing conditions, methods of detecting,

preventing, a•rd removing ice from airframes in flight, and methods of testing

ice protection systems to ensure their adequacy. An aircraft engineer can use

this report to design aclequate ice protection systems for any type aircx-aft for

any flight mission profile.

The work done in preparing this report covered a survey, study, analysis,

and summary of the vast amount of technical literature on airframe icing

available in the world today. Key technical data on airframe icing was selected

and summarized for the report. Results of the work provide a design engineer

with the follcwing:

a. Complete statistical data on the earth' s icing weather conditions that

can be used as design criteria for airframe ice protection systems.

tb. An explanation of the physics of airframe ice collection.

- c. A disbcssion of known methods of airframe ice protection, an

"" formulas and data to be used in their design.

d. Selected specific applications of ice protection systems to conventional

aircraft a& rframes.

e. Data on known methods and systems for detection of airframe icing.

f. Various methods of testing ice p.-otection systems and aircraft for

adequacy.
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INTRODUCTION

Increased use 3( light and heavy aircraft of fixed- and rotary-wing types in

private and businm-ss transportation has extended their operation into all weather

conditions. But to date only civil aircraft certificated by the Federal Aviation

Agency to Civil Air Regulation Part 4b (CAR 4b) have ice protection systems

designed, manufactured, installed, and proved adequate in natural icing conditions.

The cost of providing aircraft with proved adequate ice protection is high.

Cost of adequate ice protection systems for airline transport aircraft carrying

passengers and cargo has been considered a necessary expense in the production

of these aircraft - to provide an acceptable level of flight safety Inicing condi-

tions. But, until this report, the specialized engineering data and technology

available in the organizations of CAR 4b aircraft manufacturers has not existed

in a consolidated form readily available to all aeronautical desimn engineers.

The Federal Aviation Agency contracted with General Dynamics/Convair for

the preparation of a summary engineering report on airframe icing data that can

be used by airframe design engineers in providing aircraft with adequate ice pro-

tection systems and pro'ing the adequacy of systems. The report is divided into

six sections-

ScetLon I discusses statistical icing data to be used aIs design criteria for

fee protection systems.

Section 2, concerned with the physics of ice collection, presents formulas

andl charts for dete'rminting the rate, size, and shape of ice formations on

aircra ft.

LX



8ecdon 3 discusses the known methods of ice protection and presents

formulas and data to be used In designing ice protection systems.

Section 4 shows specific applications of ice proteLion systems to light air-

craft, transports, and rotorcraft.

Section 5 presents data on detection of icing and on ice protection system

instruments and controls.

Section 6 dlscuspes methods of testing ice protection systems and aircraft

for adequacy. Included are data on icing tunnel testing, dry-air flight test-

iag, flMgot testing in natural icing, and flight in simulated icing.

The symbols used to deno&t various parameters are defined in each section, and

are consistent throughout the section. They are not, however, consistent from

one section to another. In using the equations presented here, special care

must be taken to use the definition appropriate for the particular section.

This technical report is an adequate single reference document for airframe

design engineers to use in designing airframe ice protection systems. New and

different airframe protection systems, m,.thods, and test procedures that are

as good or better than those given :ere ,nay exist and certainly will exist in the

future.

The adequacy of the ice protection system on each type of aircraft must be

proved in the mission icing environment the design engineer established for the

aircraft.

Protection of aircraft power plants is not covered in this report. The power

plant ice protection system is designed as an integral part of the power plant and

tested for adequacy by the power plant manufacturer. Ice protection for power

plant air induction systems is included; this protection is designed and tested by

the airframe manufacturer.

x
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1.1 SUMMARY

This section of the report presents statistical icing data for use in designing iee

protection equipment. Ice forms on the forward-facing surfaces of an aircraft

when it flies through clouds of supercooled water droplets. The droplets freeze

almost instantaneously upon impact with the aircraft. resulting in formation of

ice. The rate and extent of ice formation are important factors in the design

of ice prevention and removal equipment. For a given flight speed and altitude,

and a particular aircraft configuration, the rate of formation is dependent on

the liquid water content of the cloud, water droplet diameter and ambient

temperature.

Icing conditions are generally encountered in the altitude range from 3.000

to 24,000 rt. :Zing may also be experienced at altitudes from sea level to

-1. 000 ft., and occasionally at altitudes from 24, 000 to as high as 44,000 ft. or

more. Iiigh-altit:ide icing encounters are rare, and normally result In very

little ice formation because the liquid water content Is low.

Icing clouds fall into two general categories: stratus and cumulus, Con-

tinuous icing for distances up to 200 mi. is found with stratus clouds (however.

maximum cloud depth Is 6,500 ft.). Liquid water contents are moderate (0.1

to 0. 9 gmrnm 3) and the water droplet mean diameter will be in the 5 to 50-iic-

ron range (one micron is one millionth of a meter). Ambient temperature can

vary from -22@ to 32? F, with values above 0* F being most common.

Intermittent icing results from flight through cumulus clouds which have a

horizontal extent of about three to six mi. Liquid water contents normally vary
3 3

from 0. 1 to 1.7 gm m . with occasional peak values as high as 3.9 •m/m or

more for very short distances (at the core of ascending currents in, an actively

growing cumulus cloud). Temperature, altitude ar:d droplet dia.hter ranges

are similar to those for stratus clouds; however, the most ikely altitude for

cumulus clouds is 10,000 ft. compared with 5.000 ft. for stratus.

1-7



Typical values from CAR 4b for use in desigrn of evaporative &ntl-lcing

systems would be:

3
0.43 gm/mr liquid water content

+ 15* F ambient temperature

20 microns mean droplet diameter

For de-icing systems or "running wet" anti-icing systems, typical design

values from CAR 4b would be:

0.23 gm/m3 liquid water content

00 1 ambient temperature

20 microns mean droplet diameter

For turbine engine and engine inlets, typical intermittent icing values from

CAR 4b to be considered for the design of running wet anti-icing systems are:

1.7 gm/m3 liquid water content

-4° F ambient temperature

20 microns mean droplet diameter

3 mi. per encounter

Freezing rain must also be considered fo.- possible effects on static ports,

expoaed control cables, etc. Values to be considered are:

0. 15 gm/m3 liquid water content

25° to 3r F ambient temperature

1,000 microns - water drop size

100 mi. - horizontal extent

The maximum ice accretion on an unheated component is also shown.

Thicknesses of 2.3 to 5 in. are possible (for a 1 per cent probability) for an

1/8-in. dinmeter cylinder. For larger bodies or components the maximum

thickness wou~d be correspondingly smaller.
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Methods for calculating ice accretion rate for specific flight icing condi-

tions (and airframe geometry) are shown in Section 2 of this report.

The presence of ice crystals or ice crystals plus liquid water can be a

problem for turbine engines. Current test criteria are shown, and involve

concentrations of 1 to 8 gm/m3 for time durations of 30 minutes to 30 seconds.

respectively.

1.2 INTRODUCTION

The formation of ice on aircraft has been a problem since the early days of

aviation. Aircraft carrying U.S. mail were often forced down by ice accretion

on wings, tail and propellers. If the aircraft was undamaged, ice was re-

moved from the canvas-covered surfaces and propeller, and the flight was

continued. Later, pneL -atic-boot wing and tail de-icers were developed,

followed by fluid and thermal anti-icing systems, and by cyclic electric and

hot gas de-icing. Design of these systems, however, is dependent on a know-

ledge of the icing cloud characteristics. This section of the report is con-

cerned with definition of icing cloud parameters, specificaliy directed toward

the values commonly used for design of systems for ice prevention and re-

moval. Bocause of the great variability of cloud systems, these design stan-

dards have been established by considering statistical icing data. This data

was, of course, influenced by the methods of gathering the data; therefore,

care and Judgement must be exercised in its use.

Formation of ice on aircraft surfaces results from flight through clouds of

supercooled water droplets; i. e., very small water drops suspended in the air

at temperatures below freezing. The supercooled droplets freeze on contact

with the foiward-facing aircraft surfaces (such as the wing. tail and propeller

leading edges, windshields, air inlets and nose of the fuselage). The super-

cooling process is influenced by a large number of factors such as drop size,

ambient temperature, presence of nucleating agents (dust) etc. For this

reason, any approach to the problem of defining icing cloud physics must

1-9



consider statistical data.

The amount of ice accumulated and its shape are functions of the airfoil or

body shape, flight speed, and properties of the icing c~oud in terms of liquid

water content, drop size, temperature, horizontal and/or vertical extent and

altitude. Design of systems to remove or prevent ice formation is dependent

upon Liowledge of these factors, as well as tolerance to ice buildup on un-

protected surfaces. A summary of available data on the characteristics of

icing clouds and probability of encountering icing is presented in this section.

Most of the data is obtained from the NACA. statistical icing reports, which

include icing encounters by commercial, military and icing research aircraft.

bome foreign data is also included. For additional guidance, the various de-

sign standards currently in uwe by the FAA, the military, and by foreign de-

signers are presented. All these design standards have met the test of useful-

ness; that is, systems designed aLd tested to these requirements have been

found adequate for routine flightp, through icing. Specific recommendations

for design icing values are not made, as this is a function of the particular air--

craft, ite operating characteristics or mission, operational techniques, the

needs of the specific customer or aircraft operator, and the risk level con-

sidered appropriate. However, the report does present the necessary informa-

tion for selection of icing design criteria once the aircraft and operational

factors are defined.

The terminology used in the succeeding portions of the report may be un-

familiar, and deserves some explanation. The cloud liquid water content is

expressed in grams of liquid water per cubic meter of air, and includes only

the water in supercooled droplet form (it does not include the water in vapor

form). Typical ranges of values are 0. 1 to 0. 8 gm/m3 for layer type clouds,

and 0. 2 to 2.5 gm/m3 for cumulus clouds. Droplet size is expressed in microns.

Typical icing cloud droplet diameters are 10 to 40 microns. (Freezing rain

may involve droplets as large as 1,000 microns, or one millimeter.) Cloud
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temperature may vary from -40° F to 320 F (below -40° F, supercooled water

droplets rarely exist). Horizontal extent used for design purposes may vary

from 20 to 200 mi. for layer type clouds (stratiform), whereas two to six mi.

is often used for cumuliform clouds. Specific relationships of these variables

and the probabilities of occurence are presented.

Ice crystals and snow usually do not present a hazard to an aircraft, since

the particles are dry and do not adhere to the surfaces. In certain cases in-

volving engine inlet ducting of considerable length or with abrupt turns, flow

reversals, partly heated areas, etc., concentrations of ice crystals can be a

problem. Mixed conditions (ice crystals plus liquid water) may be a problem

for airframe surfaces. Data is presented on frequency of encounter with ice

crystals, and on current standards in use for testing engines in both ice crys-

tal and mixed ice crystal/liquid water conditions.

Additional data has been solicited and is presented for icing at both very

low and very high altitudes to supplement the NACA data that is confined, for

the most part, to altitudes of 3,000 to 22,000 ft.

The droplet diameters quoted herein and in other sections of this report

are volume median diameters; i.e., half the volume of water in a given sample

is contained in drops larger than the quoted value, and half in drops smaller.

Data is also presented on the frequency and severity of encounters with

freezing rain. Although the water drops associated with freezing rain are

quite large (as compared to icing clouds), the liquid water content is usually

quite low. Aircraft capable of operating in normal icing conditions usually will

experience no difficulty with flight through freezing rain. Freezing rain should

be considered in the design and location of air inlets and vents, control surface

horns and linkage, antenna masts, etc. , that may build up ice under these

conditions.
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1.3 STATISTICAL ICING DATA

1.3. 1 NACA STATISTICAL ICING DATA - The National Advisory Committee

for Aeronautics (now NASA) and cooperating groups conducted research on

natural icing conditions for a period of many years. Early work was performed

by specially equipped research aircraft using a rotating multicylinder to mea-

sure icing intensity. Later data was obtained by mounting icing rate meters on

commercial and military aircraft; thus, obtaining icing data related to routine

flight operations. This data (Ref. 1-1 to 1-16) forms the major part of icing

statistical data, rd is the basis for most U.S., Canadian and Britisn commer-

cial and military deign criteria. For this reason, the significant results of

the various reports are presented in this section as Figures 1-1 to 1-20 and in

Tables 1-1 to 1-5. Discussion of these figures and tables follows.

As mentioned in the Introduction, icing cloud types can be placed in two

broad classifications: layer type clouds (stratiform) and cumuliform clouds.

Stratiform clouds are characterized by moderate liquid water content (0. 1 to

0.8 gm/m3 ), maximum probable cloud depth of 6,500 ft., mean effective drop-

let diameters of 10 to 40 microns, temperatures of 320 to -22* F, altitudes of

3,000 to 22,000 ft., and horizontal extent of 20 to 200 mi. Variation of cloud

properties with altitude for a specific stratus cloud is shown in Figure 1-1, as

obWalred from Ref. 1-1. Within the cloud, free air temperature decreases with

altitude, but liquid water content (LWC) increases, reaching a maximum at or

near the top of "se cloud. This is in agreement with adiabatic lifting theory

(Figure 1-2), which predicts an increase in LWC as cloud temperature (and

capacity to hold water in vapor form) decreases. Droplet diameter also in-

creases (in the statistical sense) with increasing altitude. Flight in layer clouds

can result in icing conditions of long duration, and form the criteria most ofter

used for design of Ice protection systems for suc! air rame components as wings,

empennage, propellers, windshields, etc.
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Flight through cumuliform clouds can result in short-duratlon exposure to

high liquid water contents. This represents a condition of sp( lal interest for

turbine engines and engine inlets. Typical isolated cumulifor-n clouds may vary

from two to six miles in horizontal extent, with LWC of 0. 2 co 2. .j gm/m3 or

more, and mean droplet diameters of 15 to 50 microns or lrger. The maximum

water content of a cloud containing only a single cell is likely to be at the cloud

center at a height above the freezing level as shown in Figure 1-3a (From Ref.

1-17). Droplet size and LWC tend to increase with cloid height as shown in

Figure 1-3b. The drop sizes quoted are volume mean values, as defined previ-

ously. Measurements shown in Figure 1-3a and 1-Ja are for two separate typical

cumulus clouds; other cumulus clouds may have greater or smaller LWC and drop

size values, or may be composed of multiple cells rather than single cells.

Statistical data indicates that max!mum vetues of drop size and LWC are not

likely to occur simultaneously. This is sh:wn in Figure 1-4a and 1-4b. In

Figure 1-4a, the maximum LWC of 0.9 gm/m3 for stratiform clouds occurs at

a drop size of 10.5 microns, whe:eas the maximum drop size of 50 microns

involves only 0. 18 gm/m 3. A somewhat similar trend can be seen for ,nunuli-

form clouds in Figure 1-4b. The rate of ice accretion is quite similar for these

two extreme combinations of LWC and drop size, although the shape of the ice

accretion would vary somewhat.

Liquid water content also tends to decrease with decreasing ambient tem-

perature, as shown in Figure 1-5. Note that for stratiform clouds the maximum

LWC compares favorably with a theoretical limit based on two-thirds the LWC

of a 3, 000-ft. elud, calculated by adiabatic lifting theory (Figure 1-2). (For

a detailed discussiou and equations on adiabat'½ lifting theory, see Ref. 1-1.)

The data for cumulus clouds shows less correlation betueen LWC and tempera-

ture. In both cases, however, no icing was found below -156F. The minimum

temperature established by laboratory tests for existence of supercooled water

droplets is -40 0 F. At extreme low temperatures, virtually all water is con-
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vrrted to ice crystala, and icing is not likely to be a problem. (Ice crystals and

snio' ., ) • a problem, however, for air inlet systems having extreme bends or

flow reiv.e'sl curves.)

Droplet diameter does not show a definito correlation with temperature

(Figure 1-6). For design purposes, a diameter of 20 microns is most often used

to calculate water catch with LWC and temperature appropriate to the specitic

flight operation. A diameter of 40 microns is often used to calculate the maxi-

mum droplet Impingement limits.

The probability of excet ,ýg specific values of LWC, drop size and tem-

perature (depression below freezing) Is shown in Figures 1-7 through 1-9. The

plots are in terms of eteedance probability; i.e., the probability that the given

parameter will be eqwualled or exceeded. A probability of 10 per cent, for example,

means that the given parameter will be exceeded in one out of 10 icing encounters.

For layer type clouds, the liquid water content for 10 per cent exceedance is
3 3

0.5 to 0.6 gm/m , whereas it is 1.18 gm/mi for cumuliform clouds. For the

same probability, the mean effective drop diameter is 18 to 21 microns, and the

maximum 23 to 27 microns. The temperature for this same probability level is

50 to -46F, depending on the particular data source.

Because of the horizontal variations of cloud structure, the average LWC

for a long-duration encounter is substantially lower than the av#srage for short-

duration encounters. This is shown in Figure 1-10, where the maximum value
3 a

for a 40-mi. encounter is 0. 8 gm/m , whereas for 200 ml. it is 0.3 gm/mr

This variation is also shown In Figure 1-11 in dimensionless form. For cumu-

liform clouds, the LWC for a six-mi, cloud is 0.85 of the water content for a

three-mi. cloud. For layer clouds, the LWC for a 40-mi. distance is 0.64 of

that for 10 ml., and at 150 mi. is only 0.32 of the 10-mi. value. The proba-

bility of encountering icing conditions in excess of specific distances is shown

in Figure 1-12. From this data, it can be seen that 90 per cent of all encoun-

ters arc for a distance of less than 53 mi., and 99 per cent are less than 123 mi.

These variations of LWC with distance are of interest primarily for pre-

dicting the amount of ice accumulation on unprotected components for various

flight platis.
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The altitude range in which icing can be expected is also of interest, as

many current aircraft cruise above the icing level and encounter icing only

during climb, descent and low-level hold. As shown in Figure 1-13a, low-

level icing rarely occurs below 0° F. At higher levels (up to 22, 000 ft.). the

minimum icing temperature is -22? F. Icing encounters above 22,000 ft. are

rare. The icing envelope for cumuliform clouds is somewhat more narrow than

for stratiform clouds, as shown in Figure 1-13b. The minimum altitude for cumu-

liform clouds is 4, 000 ft., and the maximum (for this data) is 24, 000 ft. The

temperature range is more restricted for cumuliform clouds at a given altitude

than for stratiform clouds. The icing envelopes shown here have been used as a

basis for the CAR 4b try.sport category airworthiness requirement, as will

be shown later. Some additional data on low-level and extreme high-level icing

has been obtained and is presented in succeeding sections of this report. The

frequency of encounter versus altitude can be seen in Figure 1-14 (which is a

crossplot of previous data). Stratiform icing encounters are most likely at low

altitudes (3, 000 to 6, 000 ft.), whereas cumuliform cloud encounters are more

prevalent at 8,000 to 12. 000 ft. The maximum cloud depth for layer type clouds

is 6, 500 ft. (Figure 1-15) and would be found where there is a double layer of

clouds. Maximum single layer cloud depth is likely to be less than 3. 500 ft.

Maximum cloud depth is of particular interest for climbout and descent. where

the icing cloud cannot be avoided (whereas for level flight it is often possible to

fly over or under the cloud).

For some types of icing studies. it may be convenient to define an average

or most probable icing temperature versus altitude (Figure 1-16). At sea

level, the most probable icing temperature is 26' F decreasing to -11' F at

20,000 ft. At the higher altitudes (16,000 to 24.000 ft.) the probable icing

temperature is very c'ose to the NACA standard day tvmpera',re.

The probability of encountering icing when zlying IFR .irstrument flight

rules) is of particular interest. It may be seen ini Figure 1-17 that at ambi,.nt
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temperatures of 140 to 3r F (where icing is encountered most frequently) about

40 per cent of the flights through clouds will result In ice accumulation. At

lower temperatures, the frequency of icing in clouds is much lower: about six

per cent at -22" F.

The probability of accumulating a specific amount of ice is of special in-

terest for" ,arts of an aircraft that do not have icing protection. The data of

Figure 1-18 shows that a maximum accretion during climbout and descent is

0.4 in., whereas for continuous icing the maximum amounts are 3. 5 to 5 in.,

depending on the data source. (The 0.4-in. maximum during climb and descent

was based on data from jet fighter aircraft. For aircraft with lower rates of

climb and descent, the maximum value may be higher. Values of ice accretion

for specific rates of climb and probabilities are shown in NACA TN 4314, Ref.

1-16.) These values are based on the rate of accretion on a 1/8-in. diameter

probe (icing rate meter) which would have a collection efficiency of nearly 100

per cent regardless of airspeed or drop size. For bodies of larger size with

a greater leading edge radius, the collection efficiency at stagnation and, thus,

the maximum thickness may be substantially less.

Rate of ice formation and ice shWpe are affected by many factors, including

LWC. drop size, air speed, temperature, body size and 0 hape. Nevertheless,

the data of Figure 1-18 does indicate the or&er of magnitude that might be anti-

cipated for various levels of probabilities. Methods of predicting ice size and

shape are reported in detail in Section 2.

At a combination of higher speed, ambient temperature and LWC, there is

a limiting temperature above which the water will not freeze completely, but

will run off. This is shown in Figure 1-19. As the ambient temperature ex-

o..ds the givs arves, water will freeze only partly or not at all. and calcu-

lations of too accretion must consider this factor. (Further discussior. of this

subject is oontained In Section 2.)
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1. 3. 2 LOW-ALTITUDE ICING DATA - Most of the data presented in the pre-

vious section is based on altitudes in the range of approximately 3. 000 to

24,000 ft. Concern has been expressed as to the severity of low-altitude icing,

particularly with respect to light aircraft that might op rate in the low-altitude

regime. Data was obtained from William Lewis of the NASA Lewis Research

Center on low-altitude icing (Ref. 1-18). This data (Figure 1-20) and adiabatic

lifting theory show that the liquid water content is reduced at low altitude. In

terms of height above the ground, maximum values for 1.000, 3.JOO. and r 4100
3

ft. are 0.24, 0.65. and 0.8 gm m respectively. Thus. design use of the

liquid water contents for normal operational altitudes will produce systeras

that are more than adequate for very low altitude operation.

Freezing rain at low altitudes can be a problem also. and is discussed

separately in Paragraph 1. 3, 5.

1.3. 3 IIIGH-ALTITUDE ICING - The data presented in Paragraph 1.3., 1

covers several hundred icing encounters, but is obtained primarily from, air-

craft having operational ceilings of about 22, 000 ft. The adv-nt of turbine

powered aircraft with high-altitude capabilities has raised the question of

whether the temperature - altitude icing envelopes established previously are

adequate. Data was solicited from various sources; however, the only response

was from the Boeing Company (Ref. 1-19). A considerable number of reports

of icing encounters were collected by Boeing from operation of B-52 type

bombers, KC-135 tanker aircraft, and 707 commercial jet transports. These

are plotted in Figure 1-21. Also included in Figure 1-21 are the icing envelopes

bases on the NACA data of Ref. 1-1 through 1-15 (and used for the FA.A com-

mercial transport criteria). Data from NACA TN 4314. (Ref. 1-16) which wAs

obtained from icing encounters during climb and descent by a jet interceptor

squadron. is also included.

From the data presented it may be seen that icing encounters above 24. 000

ft. are rare, as are icin.g encotinters beloA -22 F. It aocs appear that the

1
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